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Abstract 
For a feasible risk assessment of CO2-leakage through wells of the carbon dioxide storage sites at abandoned wells of 
aquifers and depleted gas fields, the CO2 reactivity and permeability of casing steel, pseudo formation and cement-
plug need to be evaluated experimentally as functions of temperature, pressure and formation water chemistry to 
provide fundamental information for the assessment. 
Two types of laboratory experiments were conducted. These experiments are shown below: 
(1) Conventional batch-reaction experiments of cement cores in the system of CO2 and simulated formation water as 
0.5 M NaCl, at 50 and 70 C, 5, 8, 18 MPa for 100-1600hr. In this experiment, individual cement cores are allowed to 
react with wet CO2 and NaCl solution charged in titanium reaction vessels with PTFE separators. 
(2) CO2-injection reaction involving casing (API Grade J-55)-cement (API class A) and cement (API class A)-shale 
composites which were saturated with 0.5 M NaCl solution. 
As a counter experiment for batch experiments, zero CO2 runs for these cements were additionally carried out at 50 
and 70 C at 5 MPa for 100 and 400 hr. The CO2-injection runs were carried out at 50 C and 8.5 MPa with a 
constant differential pressure of 5 kPa. The resultant products were used to analyze alteration depth via micro-focused 
X-ray computed tomography ( -XCT) and electron probe micro analyzer (EPMA). For observation and 
determination of alteration phases, field mission scanning electron microscopy with energy dispersive spectroscopy 
(FESEM-EDS) and micro X-ray diffractometry ( -XRD) were also performed.   
The alteration zones identified in the both cement cores of A and G in wet CO2 showed spatial developments of zones 
appearing in -XCT images as a function of square root of time (t1/2), which can be interpreted as a diffusion-limited 
reaction. However, in the NaCl solution, these cement cores developed little alteration zones and poorly displayed 
time-dependency after 100 h. 
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In the reaction system with wet CO2, alteration directly proceeds carbonation from portlandite (Ca(OH)2) and 
calcium-silicate-hydrate (C-S-H: e.g., similar to tobermorite: Ca5Si6O16(OH)2 4H2O) into carbonate such as calcite 
(CaCO3). While, in the system with CO2-saturated NaCl solution, aqueous alteration can evolve ettringite 
(Ca6Al2(SO4)3(OH)12 26H2O) as an essential compound in the cements into Friedel's salt (Ca4Al2O6Cl2 10H2O), as 
well as or prior to carbonation. Also generally in the aqueous system, the CO2 transport into cement is much more 
limited than that in the CO2 gaseous system. It is possible that the cement degradation by carbonation is inhibited in 
the NaCl solution system by this different alteration mechanism.  
In the CO2-injection runs, both composites of casing-cement and cement-shale allowed CO2 to pass earlier 
(breakthrough within several hours) but stopped CO2-flow finally for at least 11 hrs. The -XCT and EPMA 
investigations recognized that the dominant flow path of CO2 could be a micro-annulus, and the path could have been 
closed by precipitating altered phases such as carbonate and Na-K rich fine silicate residues. 
All of these results suggest that wet and saline condition may preserve the cement-plug from subsequent CO2 attack 
at the CO2 storage sites, even if the casing has micro-annulus. Although the cementitious materials at the deep CCS 
sites can be replaced with carbonates, the rate of replacement can be strongly reduced while the system maintains wet 
condition. 
 
© 2013 The Authors. Published by Elsevier  Ltd.  
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1. Introduction 
Geologic carbon sequestration is considered at two types of reservoir of depleted oil and natural gas 
fields and deep aquifers. For long-term borehole integrity at these CO2 storage sites, the most important 
key is chemical stability of the cement plug, casing steel and its cement sheath for the injection and 
abandoned wells. CO2 leakage may be caused by the generation of an annulus in these materials and/or 
their interfaces. For a feasible risk assessment of CO2 leakage from the CO2 storage sites, the CO2 
reactivity and permeability of casing steel, pseudo formation and cement-plug need to be experimentally 
evaluated as functions of temperature, pressure and formation water chemistry to provide fundamental 
information for the assessment. 
Until recently, many of the experimental studies focused on cement degradation under CO2 and CO2-
rich fluids [1,2]. These previous studies evaluated alteration rates of cement carbonation and revealed 
alteration behavior and mechanisms. Generally, kinetic information is fundamental source data for long-
term prediction of chemical reaction. Information about secondary mineral phases during alteration is 
necessary for precise chemical simulation. Observation of secondary phases can further provide 
information about physical changes of permeability and mechanistic properties. 
We report here the latest experimental results about cement alteration which may precede corrosion of 
abandoned well systems. We conducted two types of laboratory experiments: (1) conventional batch-
reaction experiments of cement cores in the system of CO2 and simulated formation water; (2) CO2-
injection reaction involving casing-cement and cement-rock composites. Zero CO2 runs for these cements 
were additionally carried out as a counter experiment for the batch experiments. The resultant reaction 
products were used to analyze alteration depth via X-ray computed tomography and elemental mapping 
techniques to evaluate carbonation rates. Observation and determination of alteration phases were also 
performed using electron microscopy and X-ray diffractometry to estimate reaction mechanisms.   
2. Methods and sample materials 
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2.1. Batch carbonation systems 
In order to investigate the static 
reaction, carbonation runs were 
conducted with using a bath reaction 
system (Fig. 1) containing two water-
baths kept at 50 and 70 C. Each bath 
can heat ten vessels. The CO2 pressure in 
each vessel was manually adjusted to the 
required pressure by a HPLC pumping 
unit. The reaction vessels consist of a 
titanium body, titanium plug sealed with 
Buna O-ring and OmniSeal  and a PTFE separator designed 
for individual reactions of cores with either wet CO2 or CO2-
rich solution (Fig. 2). 
 
2.2. CO2-injection apparatus 
In order to investigate the dynamic behavior during 
carbonation reaction, we carried out CO2 injection runs with 
using an apparatus comprising an injection-cell and a control 
unit of differential pressure. We selected two charges: (1) 
Class A cement/shale-rock, (2) J-55 casing/Class A cement 
composite cores after complete hydration for 1 month at room 
temperature. To prevent side-leakage, both cores were glued 
using silicone on their side walls before being placed into the cell. A condition of 50 C, 8.5 MPa as input 
CO2 at 5 kPa as differential pressure was used. Differential pressure can be maintained by a pressure-
control auto valve if the injection 
pressure is constant (e.g., Pin = 8.5 
MPa) by using a relief valve. The CO2 
can keep flowing through the core 
sample unless the pressures are 
equilibrated before and after injection 
cell. The flow rate of CO2 released by 
P-control auto valve should be 
dependent on this pressure gradient. If 
the flow rate changes during injection 
run, it indicates that the permeability of 
the media is changed. For real-time 
monitoring of permeability change 
during supercritical-CO2 flow, the flow 
rate data from an on-line mass-flow 
meter were continuously logged to a 
PC. 
2.3. Run conditions 
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Taking into account of the physical conditions of both depleted gas-field and coastal aquifer in Japan,
we configured twenty seven conditions of temperatures of 50, 70 and 80 C and pressures of 5, 8, 8.5 and
18 MPa (Table 1) which corresponds to 500-1800 m in depth. Under these conditions, aqueous CO2
concentrations in 0.5 M NaCl solution are calculated assuming CO2 solubility [3]. For the assumption of 
solution composition, we simplified saline groundwater as 0.5 M NaCl which is the likely composition in
the setting of coastal formation water. Two representative cements were selected for this study: one was
ordinary Portland cement (OPC) which was newly prepared according to the API-class A certification,
and the other one was prepared as oil-well cement to be API-class G. Casing steel (J-55) and natural shale
rock were used for CO2-injection experiments. Reaction durations were varied from 100 to 4000 h and 
from 50 to 60 h, for batch and injection runs, respectively. Fig. 4 shows reaction conditions and
corresponding CO2 storage settings.
Table 1. Experimental conditions of carbonation runs
reaction system core sample temperature ( C) CO2 pressure (MPa) CO2 solubility (mol/kg H2O) duration (h)
NaCl* batch A, G 50, 70 0 0 100, 400
CO2-NaCl batch A, G 50 8, 18 0.931, 1.145 100, 400, 1600
CO2-NaCl batch A, G 70 5, 18 0.540, 1.046 100, 400, 1600
CO2-NaCl batch** G 70 8 0.751 4000
CO2-injection J-55/A 50 8.5 ( = 5 kPa)P wet CO2 only 60
CO2-injection A/Rock 50 8.5 ( = 5 kPa)P do. 50
*0.5 M NaCl.
**core was half-immersed into NaCl solution in PTFE cell.
2.4. Analytical procedures
2.4.1. -XCT
All the recovered cores after runs were quickly quenched in
ethanol in centrifuge tubes. After ~8 h, cores were dried in a
low-humidity room (RH% = 20%) and prepared for micro X-
ray computed tomography ( -XCT, Skyscan 1072)
measurements. X-rays at 100 kV, 98 A through 1 mm Al filter
were used as source to detect a better transmission image. 
Reconstructed images were processed for quantitative analysis
to calculate carbonation depth.
2.4.2. EPMA
After -XCT measurements, cores were laterally cut into several slices by a low-speed saw. One upper 
slice was resin-mounted, polished and Pt-coated for elemental mapping analysis by electron probe micro
analyzer (EPMA, JEOL JXA-8200).
2.4.3. FESEM-EDS
The other slice from the original core was half-cracked and used for microscopic observation by a
field-emission scanning electron microscope (FESEM, JEOL JSM-6700F) equipped with energy
dispersive spectrometer (EDS).
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Fig. 4 Illustrated drawing of reaction conditions 
of this study and corresponding storage settings.
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2.4.4. -XRD 
The residual chips from a slice were powdered and analyzed with a conventional X-ray diffractometer 
(XRD, MAC Science, MXP-3). Recovered cores after CO2-injection runs were perpendicularly cut and 
analyzed via -XRD (Rigaku, RINT-RAPID) with a collimator of 300 m.  
2.4.5. XRF 
Bulk-rock chemical analysis was performed by an X-ray fluorescence (XRF, JEOL JSX-3100RII) with 
reference geologic standards supplied from the Geological Survey of Japan.  
2.4.6. Hg-porosimetry 
Porosity of cement before and after runs was measured by Hg-porosimetry (Micromeritics, 
AutoPore9500). Cement chips dried using D-dry (~5 cm3) were prepared for this measurement.  
2.4.7. TG-DTA 
To quantify the extent of carbonation, we utilized thermo gravimetry and differential thermal analysis 
(TG-DTA, Rigaku, Thermo plus TG8120). Weight loss over 600 C was assumed to be caused by 
breakdown of carbonate phases (calcite or aragonite). 
2.5. Sample preparations 
2.5.1. Cements 
Clinker powders of both API class A and G cements were mixed with water/cement ratios of as 0.46 
and 0.44, respectively. Cement pastes were solidified in the block mold, then well-aged in water to be 
hydrated completely for ~30 days. Each cement block was drilled to be cored as 15.0 L30.0 mm for 
batch experiments. Calculated mineral compositions of both cement samples are listed in Table 1. The 
dominant phases for both cements are calcium silicate hydrate (C-S-H) gel (38-39 vol.%) and portlandite 
(Ca(OH)2, ~11 vol.%). Only hydrogarnet is a model phase which reflects the presence of calcium 
aluminum silicate hydrate (C-A-S-H) gel. Note that class G cement reflects less Al content than A cement. 
X-ray powder diffraction data of these cements are shown in Fig. 5. 
Table 2. Calculated modal compositions of experimented 
cements. 
Cement mineral Class A (vol.%) Class G (vol.%) 
C-S-H gel 38.20 39.19 
portlandite 11.40 11.77 
ettringite 6.24 8.02 
hydrogarnet 8.39 4.81 
others 11.30 9.61 
porosity* 24.50 26.60 
total 100.03 100.00 
*: porosity obtained from Hg-porosimetry. 
2.5.2. Casing steel and sedimentary rock 
For CO2-injection experiment, we prepared another two samples as composite materials which 
simulate interfaces of casing/cement and cement/shale rock. These composite cores were class A cement 
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plugged in a pipe of casing steel, J-55 and Class A cement cored with shale rock which is drilled from a 
deep aquifer. Before the start of the injection runs, these composite cores were aged for 30 days in water 
to be well-hydrated. Fig. 6 represents all types of core samples used in this study. 
The bulk chemical composition of shale rock used for CO2-injection run was analyzed by XRF. The 
obtained data are shown in Table. It shows Ca-
depleted composition in contrast to cement. 
Table 3. Bulk chemical composition of shale rock. 
Oxide wt.% Shale rock 
SiO2 74.08 
Al2O3 11.26 
TiO2 0.50 
Fe2O3 1.03 
MnO 0.03 
MgO 2.28 
CaO 0.58 
Na2O 0.61 
K2O 1.77 
P2O5 0.38 
Zr (ppm) 75.83 
total 92.53 
3. Results 
3.1. Cement alteration in NaCl solution 
Cement can be altered in NaCl solution 
in the absence of CO2. Hydration and 
alteration of Class A and G cement were 
detected as a relative change of weight, m 
( m = m  mfinal) during runs (Fig. 7). 
For 100 h, both A and G cement showed 
losses of 2 and 3 wt.% at 50 C and 5 and 
6 wt.% at 70 C, respectively, which 
suggest dissolution. After 400 h, weight 
gain was recognized for both Classes A 
and G cements. This weight gain may 
imply precipitation of one or more 
alteration phases. Using FESEM-EDS 
observation/analysis (Fig. 8), we 
confirmed the precipitation phase as 
Friedel s salt appearing on the cement 
surface while fine calcite grew on the 
matrix. Additionally, -XRD analysis on 
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the top surface of recovered A cement (50 C, 400 h) also confirmed Friedel s salt and calcite peaks.
The above data suggest that A and G cements in NaCl solution cause dissolution at an early stage and
precipitation later, especially at higher temperature. In order to examine the porosity change during NaCl
reaction, we applied Hg-porosimetry for these cements after 400 h. As the results indicate, the initial
porosities of both cements (A: 24.5, G: 26.6%, Table 2) did not change significantly (A: 25.7, G: 26.1%)
at 50 C, but decreased in A cement (19.0%) and slightly increased in G cement (27.2%) at 70 C. This 
may suggest that Cl-alteration by Friedel s salt is more dominant in A cement than in G.
3.2. Carbonation of cements
With regard to non-destructive analysis, we
firstly measured -XCT to quantify the
carbonation depth of each cement core after 
carbonation runs. The image obtained shows three
identified contrasts, carbonate (bright), porous
(dark) and unreacted zones. The areas of 
carbonated and porous zones were measured by
manual tracing on a vertical section (Fig. 9). In 
this study, we measured alteration depth as the
summation of carbonation and porous zones (Eq.
1). Using L as the length of exposed outline, L, 
the average depth of each zone can be calculated
(Eq. 2) as follows:
porouscarbalt SSS    (1)
LSd altalt (2)
Using -XCT data, we compared alteration rates between the Class A and G cores in wet CO2 and in 
CO2-rich solution. As a representative result, Fig. 10 shows -XCT images of these cement cores in wet
CO2 after 1600 h. Both A and G cements display concentric development of a carbonation zone (bright 
A-11V
(50 C-18 MPa-1600h)
Scarb
Sporous
L
10 mm
unreacted
carbonated 
zone
porous zone
a b c
Fig. 9 Analysis of -XCT image: (a) photographs of target
sample, cement core (50 C, 18 MPa, 1600h, wet CO2); (b) 
vertical section of -XCT image of upper end of core; (c) 
identified zones consist of carbonate (outer), porous and
unreacted (inner). Exposed outline, L is used for calculation of 
average depths of each zone.
A-cem-11V 
(50 C, 18 MPa, 1600h)
G-cem-11V 
(50 C, 18 MPa, 1600h)
a b
A-cem-15V
(70 C, 18 MPa, 1600h)
G-cem-15V 
(70 C, 18 MPa, 1600h)
c d
10 mm
Fig. 10 Compared -XRD images of cement cores in wet CO2
(18 MPa, 1600 h): (a) A cement at 50 C; (b)  G  cement at 50 
C; (c) A cement at 70 C; (d) G cement at 70 C.
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Fig. 11 Compared -XRD images of cement cores in
CO2 rich solution (18 MPa, 1600 h): (a) A cement at 50
C; (b) G cement at 50 C; (c) A cement at 70 C; (d) G 
cement at 70 C.
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zone) which is dependent on temperature. On the other hand, alteration zones of these cement cores in 
CO2-rich solution are 
poorly and
heterogeneously
developed. As an
another feature,
several coarse grains
of calcite (~ a few
mm) were recognized
to be heterogeneously
present on the surfaces
of cements in CO2-
rich solution.
Elemental 
distributions from 
margin to center of the
core were evaluated
with EPMA mapping.
Fig. 12 shows an
example of class A
cements at 50 C, 18
MPa after 1600 h.
Powder XRD analysis revealed that 
carbonation of cements was associated with
precipitations of aragonite as well as calcite.
While the cements in CO2-rich solution 
showed predominantly calcite as carbonate 
phase. Fig. 13 shows an example of G cement
reacted in wet CO2 and CO2-rich solution. The
aragonite yield seems to be more enhanced in 
G cement in supercritical CO2. As another 
alteration phase, Friedel s salt, which was 
recognized in the zero CO2 experiment, tends
to occur in A cement in CO2-rich solution. In
particular, carbonation of cement in wet CO2
enriches aragonite as carbonate phase.
Microscopy with FESEM observation
confirmed aragonite occurrences (Fig. 14).
In order to quantify the reactivity of each
cement, bulk concentrations of CaCO3 were
evaluated by TG-DTA for all of the cements 
after 1600 h of batch reaction runs (Fig. 15). 
Higher CaCO3 contents are shown in cements
in wet CO2 than in CO2-rich solution.
The alteration depth obtained from -
XCT data should ideally depend on reaction 
time. If the reaction proceeds by diffusion,
the depth should be varied as a function of 
square root of time. We obtained slopes as
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alteration rates (mm/h0.5 as the square root of diffusion coefficient, mm2/h) from these plots. 
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Fig. 16 Compared plots of t1/2 vs. alteration depth for A cement: (a) in wet CO2 at 50 C; (b) in CO2-rich solution at 50 C; (c) in wet 
CO2 at 70 C; (b) in CO2-rich solution at 70 C. A regression line for wet CO2 at 70 C and 18 MPa was drawn by early data 
eliminating 1600 h, due to discontinuity. 
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Fig. 17 Compared plots of t1/2 vs. alteration depth for G cement: (a) in wet CO2 at 50 C; (b) in CO2-rich solution at 50 C; (c) in wet 
CO2 at 70 C; (d) in CO2-rich solution at 70 C. 
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The observed kinetic features showed that alteration rates of cement can be enhanced by ambient CO2
and temperature. Whereas cements in CO2-rich solution can be significantly reduced, which may be 
attributed to either the lower CO2 fugacity or inhibition of carbonation reaction promoted by hydrous
alteration such as precipitation of Friedel s 
salt. To clarify these possibilities, relationship 
between alteration rates and CO2 pressure and 
concentration for wet CO2 and CO2-rich
solution, respectively are compared in Fig. 
18. The plots suggest that G cement showed
slightly faster rates (up to 0.13 mm/h0.5) than
A cement in wet CO2, but both cements in
CO2-rich solution similarly showed much
slower rates (< 0.03 mm/h0.5) less than those
in wet CO2, and a weak dependence on
temperatures and CO2 concentrations.
3.3. Flow prevention behavior during CO2
injection
We further preceded CO2-injection
experiments using composite cores of J55 casing/A cement and A cement/shale rock. Prior to each run,
these cores were immersed in 0.5 M NaCl solution at 10 MPa for 8 h, to fully saturate the pores with
solution. Subsequently, each core was placed in a cell of the system and injected with supercritical CO2 at 
a controlled differential pressure, = 5 kPa.P During runs, changes in the differential pressure (kPa) and 
permeability (D) were monitored continuously by a data-logger and a PC. Since the system is
automatically controls only CO2 effluent to maintain , sudden leakage of COP 2 as indicated by large 
permeability change disturbs the feedback condition, and the observed shows overP -shoots (Fig. 19).
After the CO2 breakthrough occurred at ~1 h, CO2 flow-through was mostly prevented over 50-60 h for 
which only several leakages were allowed. These flow behaviors emphasize that CO2 can easily flow 
through the composite cores which may have micro annulus, and that this CO2 flow can be stopped 
sooner or later. Such a self-sealing effect should result from precipitation behavior in the micro annulus of 
the cement in these composite media. We investigated run products across their interfaces.
EPMA mapping exposed some material
containing Na and C at the interfaces. For 
casing/cement composite, inlet surface and the
interface between casing and cement show Na
enrichment (Fig. 20a-c). The C distribution is
not clear but shows slight enrichment near the
inlet. On the other hand, cement/rock
composite shows Na-enrichment at the outer 
and inner surface as interface between cement
and rock (Fig. 20b). The C distribution clearly
shows enrichment at the interface.
Microscopic observation/analysis on 
casing/cement interface using FESEM-EDS
revealed the transition of alteration phase
along the interface as CO2 injection path (Fig. 
21).
Fig. 19 Differential pressure (kPa) and permeability (D) changes during
CO2-injection experiments on composite cores: (a) J55 casing/A 
cement; (b) A cement/shale rock. Imposed photographs show inlet side 
of core before and after each run.
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Thus, CO2 stopping behavior observed both on casing/cement and cement/rock composite could be 
related to the alteration at the interface in which micro annulus could initially be present. The alteration 
such as cement carbonation represents not only degradation but also functional conditioning for self-
sealing. 
 
 
4. Discussion and summary 
In the system with wet CO2, directly attacked portlandite (Ca(OH)2) and calcium-silicate-hydrate (C-S-
H: e.g., similar to tobermorite: Ca5Si6O16(OH)2 4H2O) and altered into carbonate such as calcite. It is well 
understood that this carbonation reaction can mainly be driven by a diffusion-limited process as a 
function of t1/2. On the other hand, in the system with CO2-saturated NaCl solution, the rates are strongly 
reduced probably due to an interface-limited process. One important reason could be that predominant 
aqueous alteration can change ettringite into Friedel's salt, as well as or prior to carbonation. Also 
generally in the aqueous system, the CO2 transport into cement is much more limited, so that the rate 
(mm/h0.5) is one order of magnitude slower than that in the CO2 gaseous system. Consequently, it is 
possible that the cement degradation by carbonation is inhibited in the NaCl solution system by this 
differed alteration mechanism.  
As another important finding, cement carbonation can be associated with precipitation of aragonite as 
well as calcite. This can be explained by nucleation theory. In the pure solution system, nucleation starts 
as functions of supersaturation and interfacial energy of phase (e.g., [4]). Since aragonite has a higher 
interfacial energy than the other CaCO3 phases as calcite and vaterite (e.g., [5]), its critical supersaturation 
for nucleation is also higher than the others. This implies that aragonite can be hardly nucleated as stable 
phase in the system at moderate supersaturation. In the altered cement, however, solution in the pore is 
enriched in Si(OH)4 as well as Ca2+ and CO32-. In the presence of Si, growth of calcite is strongly 
inhibited [6] so that aragonite growth can be allowed. This impurity effect is very common in marine 
aragonite in the presence of Mg which is also an effective inhibitor for calcite growth [7]. Therefore, 
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aragonite cement can occur by both cement chemistry and large supersaturation by supercritital CO2. 
Such a reaction mechanism was readily confirmed in this study with batch-reaction experiments. Based 
on these results, our examined CO2-injection behavior needs to be interpreted. 
In the CO2-injection runs, composites of both casing-cement and cement-shale rock allowed CO2 to 
pass at an early stage, but stopped CO2-flow finally for at least 11 h in this study. The -XCT and EPMA 
investigations recognized that the predominant path of CO2 flow could be a micro-annulus, and that such 
a path could have been closed by precipitation of altered phases such as carbonate and Na-K rich fine 
silicate residues. Detailed investigation at the interface of casing/cement seeks an evidence of sealing 
phase in the annulus. As reported by Azuma et al. (2012, this issue), casing steel can also be altered to 
carbonate as siderite. Replacement of Fe metal with siderite should increase the volume more effectively 
than the case of carbonation of portlandite. The preliminary FESEM-EDS analysis revealed that the 
alteration phases were evolved from calcite, via calcite+siderite to zeolite-like material at the inlet to 
interior along the casing/cement interface. The alteration phase except for these carbonates is poorly 
studied in the case of cement carbonation. However, since C-S-H is the most dominant phase in OPC 
(Table 2), alteration of C-S-H is another key phase to be investigated. If C-S-H can be used for producing 
CaCO3, residual SiO2 may enhance saturation of the other phase. Ca-zeolite phases such like clinoptilolite 
((Na, K, Ca)2-3Al3(Al, Si)2Si13O36 12H2O) may be possibly produced and affect the pore spacing and 
cement strength. This alteration will be discussed in a further paper elsewhere. 
These results all suggest that wet and saline condition may preserve the cement-plug from subsequent 
CO2 attack in abandoned wells at the CO2 storage sites, even if the casing has a micro-annulus. Although 
the cementitious materials at the deep CO2 storage sites can be replaced with carbonates, its rate can be 
strongly reduced while the system maintains wet conditions. The carbonation process of cement may be 
important as a predictor of life time of a CO2 storage which can be attributed to reaction mechanisms and 
also mechanical strength of altered system comprising casing/cement and surrounding rock/cement. 
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